MexR is a MarR family protein that negatively regulates multidrug efflux systems in the human pathogen Pseudomonas aeruginosa. The mechanism of MexR-regulated antibiotic resistance has never been elucidated in the past. We present here that two Cys residues in MexR are redox-active. They form intermonomer disulfide bonds in MexR dimer with a redox potential of ؊155 mV. This MexR oxidation leads to its dissociation from promoter DNA, derepression of the mexAB-oprM drug efflux operon, and increased antibiotic resistance of P. aeruginosa. We show computationally that the formation of disulfide bonds is consistent with a conformation change that prevents the oxidized MexR from binding to DNA. Collectively, the results reveal that MexR is a redox regulator that senses peroxide stress to mediate antibiotic resistance in P. aeruginosa.
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antibiotic resistance regulation ͉ thiol modification ͉ MarR ͉ oxidative stress ͉ transcription regulation A pproximately 10% of all hospital-acquired infections are the result of Pseudomonas aeruginosa, a Gram-negative, opportunistic human pathogen. This pathogen infects immunosuppressed patients and causes high fatality rates in patients hospitalized with cancer, cystic fibrosis, and burns. P. aeruginosa is unique in that it possesses intrinsic resistance to a variety of antimicrobial agents. This intrinsic resistance results from a low outer membrane permeability and expression of specific drug efflux pumps such as those coded by the mexAB-oprM operon (1, 2) . The tripartite pumps expressed from this operon couple the inner and outer membranes for extrusion of a range of antibiotics, including tetracycline, chloramphenicol, quinolones, novobiocin, macrolides, trimethoprim, and ␤-lactams (1-5). The MexR protein was found to be a negative regulator of this efflux system (Fig. 1A) (6) . Expression of MexR represses mexAB-oprM and mexR itself, which is located upstream of mexA and is transcribed in the opposite direction. Mutation of mexR has been shown to activate the mexAB-oprM operon and confer the mutant strain increased resistance toward a range of different antibiotics (7) (8) (9) (10) . Some clinical and laboratory isolated multidrug-resistant (MDR) strains have been found to carry mutations in the mexR gene (5, 11) . This regulation has also been suggested to link to bacterial virulence in P. aeruginosa (12) . For example, the hyperexpression of the MexAB-OprM multidrug efflux system might lead to reduced expression of LasR-LasI-dependent virulence factors (13, 14) .
MexR contains 147 aa (Fig. 1B ) and functions as a transcriptional repressor. It is a member of the MarR family transcriptional regulators and forms a stable homodimer (15, 16) . A commonly accepted mechanism for the MarR family proteins involves binding of a small-molecule drug to the dimer protein, which leads to dissociation of the protein from DNA (16, 17) . This mechanism was proposed based on a binding assay that shows that salicylate (a simple structural homolog of the fluoroquinolone-type antibiotics) has a K d of Ϸ0.5-1 mM to MarR (15) . A footprinting experiment indicates that salicylate, at 5 mM, can cause MarR dissociation from its promoter site (15) . The crystal structure of Escherichia coli MarR was obtained with two bound salicylates while 250 mM salicylate was used in the crystallization conditions (17) .
The effect of high concentrations of salicylate on MarR is well established; however, the low K d values measured between MarR and salicylate-type molecules cast doubts on the physiological importance of the direct binding mechanism. The mar regulon also responds to chloraphenicol, tetracycline, fluoroquinolones, and various other agents. It is hard to envision that a simple protein like MarR (142 aa) or MexR is able to recognize such a diverse range of structures under physiological conditions. Thus, alternative signaling pathways may exist for the MarR-type regulators. In fact, the signals and regulation mechanisms for most MarR family proteins are unknown.
The crystal structure of MexR was solved recently (18) . Multiple conformations were observed from the structure. Based on the observed conformational flexibility, it was proposed that MexR responds to an unknown signal and changes its DNA affinity by reorienting its DNA-binding helices (18) . We have been interested in elucidating the molecular mechanism of the MarR family proteins, in particular, the physiological signals that trigger responses of these proteins. Our recent work on MgrA, a MarR homolog that regulates virulence and antibiotic resistance in Staphylococcus aureus, showed that this protein uses a thiol oxidation-based mechanism to sense peroxide stress (19) . Oxidation of a key Cys residue in MgrA led to dissociation of this protein from promoter DNA and activation of the mgrA regulon. We have also established that peroxide stress activates antibiotic resistance of S. aureus to fluoroquinoline and vancomycin through MgrA-mediated redox-sensing pathways. A recent study from Collins and coworkers (20) also suggested that many antibiotics exert their bactericidal effects by generating oxidative stress through hydroxyl radical formation. These results led us to test whether oxidative stress also serves as a signal to activate MexR.
Here, we show that two Cys residues in MexR are redox-active and form intermonomer disulfide bonds in MexR dimer under mild oxidation conditions. The disulfide-linked MexR dissociates from promoter DNA that activates the mexAB-oprM operon. The discovery not only provides a mechanistic understanding of an antibiotic resistance regulation in P. aeruginosa but also has significant implications for redox regulation in human pathogens in general.
Results
Oxidation Leads to Dissociation of MexR from DNA. We first cloned, expressed, and purified MexR and examined its DNA-binding activity under reduced and oxidized conditions. Electrophoretic mobility shift assay (EMSA) was performed with MexR and a duplex DNA probe containing the promoter sequence recognized by MexR (21) . Under reduced conditions, MexR formed a tight complex with DNA ( Fig. 2A) . Treatment of DNA-bound MexR (1 M based on dimer concentration) with various concentrations (0.25-125 M) of cumene hydroperoxide (CHP) for 60 min led to dissociation of MexR from DNA as shown in Fig. 2B . Even stoichiometric amounts of CHP (0.5-2.5 M) dissociated a large portion of MexR from DNA (Fig. 2B) . This important finding indicates that oxidation of MexR significantly weakens its DNA affinity, which may lead to derepression of the drug efflux systems as proposed in Fig. 1 A.
Three Cys residues, Cys-30, Cys-62, and Cys-138, exist in the sequence of MexR. To probe whether Cys oxidation is responsible for the observed dissociation of MexR from DNA, we pretreated 1 M MexR with two Cys alkylators, phenyl vinyl sulfonate and iodoacetamide, for 50 min before mixing with 80 or 800 M CHP for 90 min. Alkylation of Cys residues completely blocked the CHP-mediated dissociation of MexR from DNA ( Fig. 2C ), indicating that Cys oxidation is responsible for the observed MexR modification by CHP.
In the MgrA (19) and OhrR (22) cases, the protein uses a single Cys residue to sense peroxide stress (15, 23, 24) . This Cys residue, located at the protein dimerization interface, is readily oxidized by peroxides. This Cys oxidation disrupts a hydrogenbonding network at the protein dimer interface and abolishes the affinity of the protein for DNA. The crystal structure of MexR shows that its three Cys residues are not engaged in interactions between two monomers like that observed in MgrA (19) .
Biochemical Assays for MexR Oxidation. Next, biochemical experiments were performed on the wild-type MexR and three mutants, C30S, C62S, and C138S, with each Cys mutated to Ser, respectively. The mutant proteins were expressed and purified by following the same procedure as the wild-type MexR. Cys oxidation was quantified by measuring the free thiol content per MexR monomer by using the 5,5-dithiobis(2-nitrobenoic acid) (DTNB) assay (Fig. 3A) (25) . The reduced wild-type MexR showed three thiols per monomer, as expected. After treating with 3 equivalents (per MexR monomer) of CHP, only one thiol per monomer was observed. Both C30S and C62S mutants showed one thiol per monomer after CHP treatment, indicating that both Cys-30 and Cys-62 are susceptible to oxidation. The C138S mutant exhibited close to 0 equiv of free thiol after treating with CHP, indicating that Cys-138 was not oxidized in the wild-type MexR.
EMSAs were conducted with the mutant proteins. The wildtype and all three mutant MexR proteins bind to the DNA probe used in Fig. 2 A (21) . However, treatment of DNA-bound MexR with either CHP or H 2 O 2 led to dissociation of only the wild-type and C138S mutant proteins from DNA (Fig. 3B) . The organic hydroperoxide CHP was more effective in causing dissociation of MexR from DNA than H 2 O 2 . This result confirms that both Cys-30 and Cys-62 are engaged in oxidation sensing.
Disulfide Bond Formation Between Cys-30 and Cys-62 in the Oxidized
MexR. A close examination of the MexR structure eludes that Cys-30 from one monomer is close to Cys-62 from the other monomer (18) . The two sulfurs atoms are Ϸ12-15 Å away from each other in a conformation that favors DNA binding. Because formation of disulfide bond has been observed in many oxidation-sensing/defense proteins (26) (27) (28) (29) (30) (31) (32) (33) , We wondered whether oxidation could generate an intermonomer disulfide bond in MexR. To reveal the nature of Cys oxidation in MexR, we used mass spectrometric mapping of the oxidized MexR. Purified MexR (35 M) was oxidized by 350 M CHP at 37°C for 1.5 h. Any remaining free thiol was blocked by treatment with excess iodoacetamide. The protein sample was run on a nonreducing, denaturing SDS/polyacrylamide gel. Formation of a covalently linked dimer band was clearly visualized on the gel with oxidized MexR [supporting information (SI) Materials and Methods and Fig. S1 ]. The dimer band was excised and in-gel-digested by trypsin. There was a clear 3ϩ charge state peak (m/z 542) corresponding to the disulfide-containing peptide of interest (cross-link between Cys-30 and Cys-62; theoretical molecular mass, 1,624.73 Da) by electrospray ionization (ESI)-quadrupole (Q)-TOF mass spectrometry (Fig. 4 A-C) . This result provides strong evidence that oxidation of MexR results in the formation of disulfide bonds of the protein between Cys-30 and Cys-62.
We further probed formation of intermolecular cross-link between the two MexR monomers from in vivo samples. A mexR mutant strain Lys-1491 of P. aeruginosa PAO1 (8) complemented with a FLAG-tagged mexR cloned in a shuttle vector pMMB67HE (ATCC number 37623) was used (34) . Cells were treated with 0, 0.15, or 0.5 mM CHP for 1 h before harvesting. Proteins extracts were separated by nonreducing, denaturing SDS/PAGE, and MexR bands were visualized by Western blotting with an anti-FLAG antibody. Oxidation activates expression of the FLAG-tagged MexR inside P. aeruginosa because this protein serves as the repressor of its own transcript (Fig. S2) . This observation agrees with the oxidation activation mechanism of MexR. Importantly, we also observed increased formation of covalently linked MexR dimer in samples treated with CHP, confirming the intermonomer disulfide bond formation in MexR inside bacteria.
Computational Analysis of the Oxidized MexR. The MexR C138S mutant was treated with glutathione disulfide GSSG, and the reaction mixture was subjected to separation by size exclusion chromatography. MexR protein elutes as a dimer, and the oxidized form elutes slower than the reduced form (Fig. S3) , suggesting a conformational change of the protein upon oxidation. To determine how formation of an intermonomer disulfide bond between cysteines 30 and 62 could impact DNA binding, we constructed a model of the oxidized dimer as described in the SI Materials and Methods. Results obtained from simulations that started with the CD dimer (Fig. 4D) in Protein Data Bank (PDB) ID code 1LNW (18) are shown in Fig. 4E ; similar results were obtained from the other three available structures of MexR and from alternate representations of the solvent (data not shown). For the case shown, formation of the disulfide bond decreases the spacing between the DNA binding ␣4-helices (as measured by the C ␣ -C ␣ distance for the Arg-73 residues in the ␣4-helices of the two monomers, marked by the dashed green line in Fig.  4 D and E) from 29.2 Å to 21.0 Å. Such a conformational change would prevent the DNA binding ␣4-helices from both binding in the major groove on the same face of the duplex DNA (18), thus significantly reducing the affinity of MexR for DNA.
Redox Potential of MexR. Oxidation of MexR is reversible as excess DTT retained formation of the MexR-DNA complex by EMSA (Fig. S4) . The intermonomer disulfide bond in oxidized MexR can be reversed to free cystines by treatment with reducing agents, resembling that of E. coli OxyR (27, 30, 32, 33) . We used a redox titration method (27) with a combination of GSH/GSSG to measure the redox potential of MexR. Both the wild-type and C138S mutant MexR were used in the experiment. The protein was incubated with defined concentrations of GSH/GSSG for 2 h to reach equilibrium. The reaction was quenched by addition of excess iodoacetamide to alkylate free thiols. The ratio of the oxidized versus reduced MexR was determined by denaturing SDS/PAGE that separates the covalently linked dimers from reduced monomers (Fig. 5A ). These titration data were best fit by assuming a concerted two-monomer oxidation and reduction (Reaction 1), which is consistent with the observation that MexR is a dimer in solution. The equilibrium constant was obtained based on the titration data (2.7:1, GSH:GSSG ratio for 50% oxidation of MexR; Fig. 5A ) and Reaction 1. The redox potential was calculated to be approximately Ϫ155 mV according to the Nernst equation (35) . The measured redox potential is Ϸ100 mV higher than the estimated cytosol redox potentials for common bacteria (e.g., Ϫ280 mV for E. coli) (36) , which is consistent with a role of MexR as an oxidation sensor inside P. aeruginosa (36) . This value is also very much comparable with the redox potential measured for OxyR (Ϫ185 mV), the oxidative stress sensor in E. coil (27) . It should be noted that this redox potential of MexR was measured in the absence of DNA. DNA binding could change the potential, which will be studied in the future.
Activation of the mexAB-oprM Operon by Oxidation. Previous studies from other laboratories have established MexR as the negative regulator of the mexAB-oprM operon (5, 6, 8, 11) . Results presented here imply that oxidation of MexR inside P. aeruginosa would activate expression of this operon. The expression levels of mexB, oprM, and mexA were analyzed in PAO1 (wide-type), mexR mutant, and mexR mutant complemented with pMXR1-mexR (6). The wild-type PAO1 cells were also grown to exponential phase and treated with various concentrations of H 2 O 2 or CHP for 30 min to probe the expression levels of the mexAB-oprM operon. Total RNAs were isolated and subjected to Northern blotting. The results show that mexB, oprM, and mexA were constitutively activated in mexR mutant and repressed in mexR mutant complemented with pMXR1-mexR (Figs. S5 and S6). These three genes were activated under peroxide stress conditions in PAO1 (Fig. S5) , thus supporting the oxidation activation mechanism for MexR.
Antibiotic Sensitivity Assay. To provide further in vivo support to our proposed mechanism for MexR, we examined antibiotic sensitivity of four P. aeruginosa strains: wild-type PAO1 with empty plasmid pAK1900 as control, mexR mutant PAO1 with empty pAK1900, mexR mutant complemented with wild-type mexR in pAK1900 (pMXR1), and mexR mutant complemented with mexRC30SC62S (C30S/C62S double mutant) in pAK1900. Nine different antibiotics (NAL, nalidixic acid; FLU, Flumequine; PIP, pipemidic acid; OXO, oxolinic acid; MER, meropenem; TAX, cefotaxime; ATZ, aztreonam; NOV, novobiocin; TET, tetracycline) shown to be cleared through the mexABoprM efflux pump system (7-10) were chosen as well as CHP. As shown in Fig. 6 , the mexR mutant strain was more resistant to all nine antibiotics and CHP than PAO1. These phenotypes could be complemented with wild-type mexR encoded in a shuttle plasmid expressed in the mexR mutant strain. Importantly, increased bacterial susceptibility to all of these antibiotics and CHP was observed when the shuttle plasmid encoding mexRC30SC62S was expressed in the mexR mutant strain compared with both wild-type PAO1 and complementary experiments with wild-type mexR. In addition, Northern blot analysis showed that transcripts of mexB and oprM had little change in the mexR mutant complemented with mexRC30SC62S when treated with CHP or antibiotics; they were activated in the mexR mutant complemented with wild-type mexR when treated with CHP or antibiotics (Fig. S5) . These results firmly establish the thiol oxidation-based sensing and regulation mechanism for the MexR-mediated antibiotic resistance in P. aeruginosa.
Discussion
The MarR family of regulatory proteins plays important roles in antibiotic resistance and virulence regulation in bacteria (15) (16) (17) 19) . Elucidating activation mechanisms of these proteins is important for understanding their regulation pathways and designing small molecules that may modulate their functions. Our previous work on MgrA, a MarR homolog in S. aureus, has demonstrated that peroxide stress serves as the signal to trigger the MgrA-mediated virulence and antibiotic resistance regulation (19) . The MgrA/OhrR type proteins use a thiol oxidation- based sensing and regulation mechanism (19, 24, (37) (38) (39) (40) (41) . A sole Cys residue is oxidized to sulfenic acid, which could be further modified inside a microbe to form mixed disulfides with smallmolecule thiols (32, 42) . This Cys oxidation disrupts the DNAbinding activity of the protein and activates the corresponding regulon. A recently discovered subfamily of OhrR was found to use the disulfide bond formation mechanism to sense organic hydroperoxide (37, 43) , but its sequence homolog identified in P. aeruginosa (GenBank accession no. AAG06237) is different from MexR and has not been characterized. As shown in this work, MexR forms intermonomer disulfide cross-link upon oxidation. Biochemical and cell-based experiments indicate that Cys-30 and Cys-62 are engaged in oxidation sensing and formation of intermonomer disulfide bonds. The oxidized MexR dissociates from promoter DNA that leads to activation of the mexAB-oprM operon. This protein senses peroxide stress formed inside bacterium upon challenging with antibiotics (20) and activates drug efflux defensive system. The measured redox potential for MexR supports its role as an oxidative stress sensor inside bacterial cells. Computational simulation of the disulfide cross-linked MexR shed further light into the detailed mechanism. The crystal structure of MexR has been solved in different conformations (18) . In one conformation the protein dimer orients its two DNA-binding helices in a perfect spacing to engage in interaction with the major groove on the same face of a B-form duplex DNA. In a different conformation, the two DNA-binding helices were reoriented, and the spacing between them was reduced, and this form was deemed unfavorable for DNA binding. Starting from the DNAbinding conformation of MexR (Fig. 4D) , we built in intermonomer disulfide bonds. The simulated cross-linked structure shows that the two DNA-binding helices realign, and the spacing between them is significantly reduced (Fig. 4E) . As a result, the conformation is not expected to be DNA binding-competent.
In summary, we have shown that S. aureus, a Gram-positive pathogen, uses an oxidation-sensing mechanism to regulate antibiotic resistance and virulence (19) . P. aeruginosa is a Gram-negative pathogen, and yet, peroxide stress also serves as a signal to activate the antibiotic resistance regulator MexR. Oxidative stress could serve as a general signal for other MarR-type proteins. These results agree with the observation that many antibiotics produce oxidative stress inside bacteria (20) . Our study also shows that thiol-based oxidation sensing and regulation are prevalent in human pathogens to counter antibiotic treatments.
Materials and Methods
Construction, Expression, and Purification of MexR. The mexR gene was amplified by PCR from genomic DNA of P. aeruginosa PAO1 and subcloned into pET-30a vector (Novagen) between NdeI and XhoI sites. The three mutations, MexRC30S, MexRC62S, and MexRC138S, were obtained by using QuikChange II site-directed mutagenesis kit (Stratagene).
E. coli BL21(DE3) cells harboring the constructed plasmid were grown in LB medium containing kanamycin (30 g/ml) at 37°C with shaking at 250 rpm. Cells were grown to an A600 nm of 0.6 and induced with 1 mM IPTG for an additional 4 h at 30°C. Cells were harvested by centrifugation and stored at Ϫ80°C. All subsequent steps were performed at 4°C. A cell pellet (0.5 liter) was suspended in 15 ml of lysis buffer [10 mM Tris (pH 6.8), 10 mM 2-mercaptoethanol (BME), 10% glycerol], disintegrated by sonication, and centrifuged at 17,500 ϫ g for 30 min. Proteins in the supernatant were loaded onto an SFF column (bed volume 20 ml; Amersham Bioscience), equilibrated with buffer A [10 mM Tris (pH 6.8), 10 mM BME], washed with 100 mM NaCl in buffer A, and eluted with 250 mM NaCl in buffer A. Peak fractions were applied to a heparin column equilibrated with buffer A, washed with 300 mM NaCl in buffer A, and eluted with 600 mM NaCl in buffer A. The fractions containing MexR were concentrated and loaded onto a Superdex-200 gel filtration column with a running condition of 10 mM Tris (pH 7.4), 100 mM NaCl, and 5 mM BME. The Triangles (wild-type MexR) and circles (C138S mutant) correspond to experimental data, and the solid line is the theoretic fit. The redox potential was determined to be around Ϫ155 mV. Fig. 6 . Plate sensitivity assay. Four P. aeruginosa strains were treated by CHP and different antibiotics. Row 1, wide-type PAO1 with pAK1900 (the empty plasmid); row 2, mexR mutant with pAK1900; row 3, mexR mutant complemented by mexR in pAK1900; row 4, mexR mutant complemented with mexRC30SC62S in pAK1900. The control plate had no antibiotics.
purified MexR fractions were collected and concentrated for further experiments (Ͼ95% purity as estimated by SDS/PAGE).
EMSA.
A 28-mer duplex DNA (5Ј-ATTTTAGTTGACCTTATCAACCTTGTTT-3Ј annealed to its complementary strand) containing the mexRAB-oprM promoter sequence was used for the assay by using 8% nondenaturing polyacrylamide gel made with 10 mM Tris buffer containing 50 mM KCl, 5 mM MgCl 2 and 10% glycerol. Gels were run in 0.5ϫ TB [50 mM Tris, 41.5 mM borate (pH 8.0)] at 85 V at room temperature and stained in a 10,000-fold diluted SYBR Gold nucleic acid staining solution (Molecular Probes) for 5 min. The DNA bands were visualized with UV light at 254 nm.
Redox Titration. Samples of purified MexR (25 M) were incubated with different ratios of GSH/GSSG (0 -5.5 mM for GSH; 0.29 -0 mM for GSSG); 100 mM GSH and GSSH stock solutions were made by using 1 M Tris⅐HCl (pH 7.4) in 50 mM Tris⅐HCl (pH 7.4) with 100 mM NaCl at 37°C for 2 h. Free thiols were then alkylated by treating with 19 mM iodoacetamide for 30 min at 37°C. The protein samples were analyzed by nonreducing, denaturing SDS/PAGE. Intensities of protein bands were measured by ImageJ 1.40 version (National Institutes of Health), and the ratios of the oxidized versus reduced protein were used for calculating the redox potential (27, 36 
